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ABSTRACT 
Y 1 Ba 2 Cu 3 0 7 has been prepared by the evaporative 
decomposition of solutions method. Nitrate and mixed anion 
solutions were atomized and decomposed at temperatures ranging 
from soo 0 c to 950°C. The resulting materials have been 
characterized using x-ray powder diffraction, thermogravimetric 
analysis (TGA), particle size analysis, scanning electron microscopy 
(SEM), and transmission electron microscopy {TEM). The powder 
consists of 0.1 micron solid particles, and > 1.0 micron agglomerated 
hollow spheres with a multi-granular surface. TGA and x-ray 
diffraction indicate the presence of barium nitrate and barium 
carbonate due to incomplete decomposition and/or product 
contamination by the process environment. 
1 
I. INTRODUCTION 
A, Background 
The evaporative decomposition of solutions method (EDS) was 
investigated to evaluate its possible advantages over the 
conventional solid state preparation route for producing the 
Y 1 Ba2Cu 30 7 {123) ceramic superconductor. This process is one of 
many unconventional powder preparation techniques which vary 
greatly, but have one thing in common. The starting materials are 
solutions, instead of dry powders. 
These solutions may consist of organo-metallic compounds in 
organic solvents, or completely aqueous solutions of metallic 
nitrates or chlorides. Regardless of the solvent, solution processes 
can offer many advantages over mixed-oxide processing. These 
advantages include improved chemical homogeneity, a high degree of 
compositional control, 
distribution control, 
uniform doping 
smaller mean 
2 
ability, 
particle 
particle • size 
• sizes, and 
,. 
correspondingly higher specific surface a·reas. 
During EDS processing, the precursor solution is converted 
directly to powder product in a single processing step. This direct 
conversion makes the EDS method unique among solution processes. 
The precursor solutions for EDS processing may contain a mixture 
of dissolved metal salts, which are atomized into very fine droplets 
and injected directly into a chamber of controlled atmosphere and 
temperature. The subsequent solvent evaporation and salt 
decomposition occurs in a matter of seconds, and results in a 
product powder entrained in the atomization gas. This powder can 
then be collected by a variety of gas/solid separation techniques. 
Potentially, the most significant benefit to be derived in using 
the EDS method is the ability to produce homogeneous, sub-micron 
powders. This is difficult using solid state processes, where the 
average particle size of each of the components is likely to exceed 
( 
one micron, and the product homogeneity relies upon the intimate 
mixing of starting powders. This mixing is achieved through milling 
the starting material with grinding media and a liquid (water, or an 
3 
organic solvent). Its effectiveness is limited by the initial particle 
size distributions of the starting materials, and agglomeration. 
This process also provides significant opportunity for product 
contamination through reaction with milling solvents, and 
incorporation of attrited grinding media. 
A second potential advantage the EDS method enjoys over solid 
state processing is the opportunity to exclude carbon as a major 
component of the starting material. Y 20 3 , BaC03, and CuO are typical 
starting materials for the solid state preparation of 123. BaC03 is 
used instead of BaO because of the extreme reactivity of the oxide. 
This major source of carbon, if not removed by subsequent 
processing, leads to the formation of extraneous high temperature 
phases (11. The presence and form of this contamination may become 
important as the controversy over the effect of carbon on the 123 
system is debated. Co·nflicting arguments have been presented 
which suggest that small amounts of carbon may have extremely 
deleterious effects on the superconductors ability to support 
technologically significant transport current densities (2,3]. 
4 
There has been significant progress made towards 
understanding the chemical and morphological development of EDS 
powders l41. This technique has been successfully applied to the 
production of a wide variety of single and multicomponent oxides 
from precursors which range from nitrates and chlorides, to 
methoxides and acetates. A partial list of these materials · incl ud'es 
B. The Development Of EDS Processing 
The EDS method, in the context of this work, evolved over the 
course of 18 months. Its development was fueled by the desire to 
produce research quantities (100's of grams) of the Y1Ba2Cu 3 0 7 
I 
superconductor powder with a sub-micron particle size distribution. 
At that time, neither of these requirements could be fulfilled 
through conventional powder processing in our laboratories. 
5 
The first evolutionary step taken was the substitution of 
nitrate solutions for the corresponding oxides and carbonates as 
I 
precursors to 123. This was done to minimize carbon contamination, 
and in recognition of the potential improvement in homogeneity if 
the ideal mixing of cations in solution could be maintained. These 
first solutions were spray dried at 80 °c in a Yamato laboratory 
scale spray drier (figure 1 ). The resulting powder was bluish-green 
in color, and consisted of stoichiometrically mixed nitrate salts. 
When calcined in an alumina crucible at 900 °c for 4 hours in oxygen, 
the material displayed a multi-phase layered structure. Alternating 
layers of black and green were observed. Presumably the black 
layers consisted of 123 and copper oxide, and the green layers of 
Y2Ba 1Cu 10 5 (211). It was obvious that the cation homogeneity of the 
precursor solution had not been maintained. This was attributed to 
the non-uniform melting of the mixed nitrate material during 
calcination, and more specifically to copper nitrate which melts at 
250 °C before it decomposes. 
Armed with the knowledge that significant phase separation 
6 
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Figure 1. Schematic diagram of the Yamato laboratory 
scale spray drier. 
b Exhaust air 
occurs due to melting before decomposition, appropriate steps were 
taken. The particle contact was reduced to limit the possible extent 
of segregation, and the heating rate was increased to minimize the 
lifetime of the molten phase and promote reaction. Practically, this 
was achieved by mounting a fused silica tube furnace vertically and 
passing the spray dried nitrate material through a 100 mesh sieve 
down the tube. At the same time oxygen was passed 
counter-currently up the tube. This process was very problematic, it 
was quite difficult to force the nitrate through the sieve in a 
uniform manner. The hot and wet process gasses which contained 
nitrous oxides would bypass the exhaust and exit through the sieve, 
clumping the nitrate powder and irritating the investigator. 
Although this process was labor intensive and difficult to manage, it 
did lead to a more uniform material. In the interest of streamlining 
the process and reducing direct operator intervention, the tube 
furnace was placed below the outlet of the spray drier. This 
eliminated the need to manually collect the powder from the spray 
drier and sieve it down the tube furnace. Unfortunately, the nitrate 
8 
• 
material stuck to t~e top of the tube furnace, at the spray drier 
outlet, and fell through the furnace in large clumps. Although the 
above materials could be repeatedly ground and calcined to achieve 
phase purity, it became apparent that there was no single step 
process which could convert the easily produced mixed nitrate 
powder directly to 123 without significant phase segregation. 
A natural extension of this train of thought is not to stop at 
the mixed nitrate powder state at all. Instead, if the nitrate 
droplets could be injected directly into the tube furnace the particle 
contact before decomposition, and the lifetime of the molten phase 
would both be minimized. This is a crude b·ut descriptive 
embodiment of the evaporative decomposition of solutions method to 
produce 123. 
9 
II. EXPERIMENTAL 
A. Solution Chemistry 
1. Nitrate Precursor 
The first solution investigated contained a stoichiometric 
mixture of nitrate salts in deionized water. It was chosen for EDS 
processing because it would provide a processing route to the 123 
superconductor without the bulk incorporation of carbon containing 
compounds. 
Nitrate stock solutions were prepared for each of the 
individual nitrate salts. These solutions were then assayed by 
Inductively Coupled Plasma (ICP) Spectroscopy. The target 
concentrations, total volume, number of moles, and analyzed 
elemental concentrations are presented in table 1. The yttrium 
nitrate was provided by Rhone-Poulanc in crystal form to >99o/o 
assay. Reagent grade barium nitrate was supplied by J. T. Baker 
Chemical Company, and Fisher reagent grade copper nitrate was 
used. Once formulated, these solutions were filtered into closed 
10 
Species 
y 
Ba 
Cu 
Target 
Cone. 
(M) 
0.25 
0.15 
0.75 
Total Number 
Volume Of 
(I) Moles 
15 3.75 
50 7.5 
15 11.25 
Analyzed 
Elemental 
Weight 0/o 
2.28 +/- 0.05 
1.99 +/- 0.04 
4.55 +/- 0.09 
Table 1. Stock solution concentrations used to formulate the mixed 
nitrate solutions (analysis courtesy of James Cargo, and AT+ T Bell 
Laboratories). 
polyethylene containers with spigots. 
Initial stoichiometric solutions were formulated to a 
concentration of 0.13 Molar (M) on a barium basis. Although this was 
well below the solubility limit of barium nitrate (0.33 M at 25 °C), 
precipitation was observed during exploratory processing. This was 
attributed to the common ion effect, and can be described by the 
mass action expression for the dissolution of barium nitrate. 
1 1 
If other nitrate salts are added, raising the nitrate ion concentration 
in an already nearly saturated barium nitrate solution, the 
precipitation of barium nitrate results. Using this· expression and 
considering the anionic contributions of the yttrium and copper in 
solution, the maximum stoichiometric concentration was calculated 
to be 0.15 M on a barium basis (appendix 1.). In order to avoid any 
possible precipitation and the resulting deviation from 
stoichiometry a solution concentration of 0.09 M (barium) was used 
for EDS processing. 
2. Mixed Anion Precursor 
The mixed anion solution was chosen for this study to compare 
the properties of superconducting materials prepared from 
precursors with and without carbon as a major component. An 
additional feature of this solution is the rapid exothermic 
decomposition which occurs at 240 °C. It appears that the ionic 
NQ3- salts, which are more potent oxidizers than molecular oxygen, 
12 
participate in a low temperature Redox reaction with the organic 
salts (11 1. This rapid decomposition may provide some advantage 
over the presumably slower endothermic decomposition of the 
nitrate materials. These advantages might include longer effective 
furnace residence times, which would lead to more complete 
conversion, and possibly a different powder morphology which could 
result from the very rapid and energetic decomposition. 
The mixed anion solutions were formulated from the 
previously mentioned stock solutions for the cases of yttrium and 
copper, but the barium was added in the form of Fisher reagent grade 
barium carbonate. In addition, 4 moles of glycine per mole of 
yttrium was added. When mixed, carbon dioxide was released and 
the barium carbonate went into solution. A small amount of nitric 
acid, 2ml/l, was required to completely clear the solution. Barium 
is expected to display a higher solubility in this formulation, but for 
the purpose of comparison the stoichiometric solution concentration 
was diluted to 0.09 M (barium). 
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1. Atomizer 
The design of the EDS apparatus began with the atomizing 
system. The first specification placed on the system was that of 
producing a sub-micron powder product. A series of calculations 
were performed to estimate the required droplet dimension to 
produce a one micron powder particle. If one assumes a single 
spherical droplet will react to a single dense spherical particle, an 
average droplet diameter of <5 microns is required. After an 
extensive survey of available atomizing equipment, ultrasonic and 
single fluid technologies were eliminated. Their droplet size 
distributions were at best centered about 10-50 microns. A 
collision type atomizer was chosen, TSI model 3076 (figure 2.). It 
is specified to produce an aerosol with a mean droplet diameter of 
0.3 micron. This type of atomizer operates on the venturi principle. 
A high velocity gas jet is placed above the liquid supply line which 
siphons the liquid into the atomizer body. There it is broken 
14 
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Figure 2. Schematic diagram of the TS! model 
3076 atomizer. 
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• 
into small droplets by the high velocity gas stream. The resulting 
aerosol is then directed towards a surface where the large droplets 
are impacted out of the gas stream and drain into a reservoir, while 
the smaller droplets remain entrained in the carrier gas and exit the 
atomizer. A single nozzle atomizer places 0.15 grams of solution 
into 5 liters of carrier gas per minute. This corresponds to 216 
grams of solution processed per day, or the production of 6 grams of 
123 powder. This is assuming a 1 OOo/o yield. A more likely yield 
figure of 30o/o was established in early exploratory runs. The origins 
of this yield loss will be discussed in later sections. Taking the 
process yield into consideration, a three nozzle atomizer was 
specified and purchased. 
2. Furnace 
There were two major considerations in the choice of a 
furnace. It had to provide sufficient residence times 'for solvent 
evaporation and salt decomposition, and allow for the isolation of 
the processing environment. A tube furnace can meet both of these 
16 
• 
• 
requirements. The largest available tube furnace in our laboratory 
was 1.3 meters long and would accept a 7.0 centimeter O.D. furnace 
tube. The tube material of choice was electronic grade fused silica. 
This combination of furnace dimensions and atomizer flow 
rates (3 nozzle) results in a residence time of 20 seconds, not 
accounting for the significant effect of carrier gas expansion. The 
thermal expansion of the carrier gas will reduce this time by up to a 
factor of four depending upon the processing temperature. 
3. Powder Collection 
Two techniques were considered to remove the entrained 
powder from the gas stream, conventional filtration and 
electrostatic precipitation. Only conventional filtration was 
actively pursued because of the anticipated complications and our 
general lack of experience with electrostatic precipitation. This 
does not preclude the future application of this technology to the 
existing apparatus, for it has been previously demonstrated as a 
successful powder collection technique for similar processes l121. It 
17 
----~---~-----------.---. 
is ("simply a decision made within the framework of an underlying 
design philosophy to build a simple, reliable apparatus from 
commercially available components for rapid installation. Within 
this framework, the General Metal Works FH-2100 filter system and 
QM-A quartz microfiber filter pad were chosen for the powder 
collection task. These components were originally designed for high 
volume air sampling and particle analysis for environmental 
monitoring. The same qualities which make this system applicable 
to environmental monitoring, high volumetric through put, low 
pressure drop, high collection efficiency to 0.01 micron, and 
non-contaminating filtration media, also make it a good choice for 
this application. 
4. General 
The final assembled apparatus is schematically represented in 
figure 3. The furnace was mounted in the conventional horizontal 
orientation without the risk of inertial settling of the powder in the 
tube as it traveled the1.7 meter tube length towards the collection 
18 
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FIGURE 3. Schematic diagram of EDS apparatus. 
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filter. This behavior is. typical in the sub-micron particle size 
regime, where particles undergo Brownian motion. That is, their 
motion is caused by thermal agitation which involves random 
collisions between the particles in the gas stream and the gas 
molecules. These collisions cause the suspended particles to 
randomly move, or diffuse through the gas. However, the particles 
are susceptible to the effects of surface charges and temperature 
gradients. Of these two, thermophoretic forces, or the tendency of a 
particle to travel down a· temperature gradient, was most evident. 
It resulted in significant yield losses in the apparatus, downstream 
of the furnace section. 
20 
c. Characterization Jechnigues 
1. Scanning Electron Microscopy (SEM) 
The powder specimens were prepared using double-stick 
adhesive tape. A tab of double-stick tape was placed on a aluminum 
specimen stub. On this stub was then placed a small amount of 
powder to be observed. The powder was then forcefully pressed onto 
the tape, and the remaining powder was removed by gently tapping 
the stub. Finally, the specimen was sputter coated with Au-Pd to 
achieve the necessary electron conductivity. These specimens were 
then observed in a conventional Tungsten filament ETEC AutoScan 
SEM. Unfortunately, the sub-micron particle size and large specific 
surface area combined to yield relatively poor images. For greater 
resolution a field emission source SEM, JEOL JSM-840 F, was used to 
observe the powder. The samples were prepared in a similar manner 
except for the coating, these high resolution specimens were 
observed uncoated at low accelerating voltages, to reveal their 
surface structure. 
21 
2. Transmission Electron Microscopy (TEM) 
The TEM specimens were prepared by ultramicrotomy. Powder 
was placed inside a gelatin capsule and dispersed in a one part 
thermal setting epoxy. After curing, the end of the capsule was 
carved away to expose a small protrusion approximately 1 mm 
square. This area was then sliced using an Bromma System 2128 
ultramicrotome with a diamond knife. Typically, an organic solvent 
or water is used to catch the cut sections which are often 
electrostatically charged and difficult to handle. The collection 
fluid was eliminated for this work to avoid contarnination, and the 
cut sections were deposited directly on standard 3mm copper grids 
which were previously coated with a carbon film. The prepared 
specimens were then observed uncoated, at 120 Kv, in a Phillips 
400T TEM. 
22 
3. BET Surface Area 
The specific surface area of the powders were measured by the 
BET method using a Micromeritics Flowsorb II, 2300. Samples were 
out gassed at 150 °c for 30 min. under flowing gas before 
adsorption, and the measurements were taken during desorption. A 
• 
mixture of 25o/o helium and 75°/o nitrogen, was used. This mixture 
results in a surface area of 3.04 m2/cc of gas adsorbed. There was 
no provision for varying the nitrogen partial pressure, therefore only 
a single point on the BET isotherm could be measured. This 
procedure is less tedious and provides results within several 
percent of multi-point values [131. 
4. X-Ray Diffraction (XRD) 
Powder x-ray diffraction was used to identify the crystalline 
phases present in samples immediately following EDS processing 
and after subsequent heat treatments. XRD also gives a qualitative 
indication of the degree of crystallinity. Data was generated on a 
Phillips APO 1700 automated powder diffractometer and compared 
23 
with standard patterns published in the powder data file [141. 
5. Thermogravimetric analysis (TGA) 
TGA was used to examine samples for complete decomposition 
of nitrate phases, and the presence of carbon contamination in the 
form of barium carbonate. Most powders displayed a similar 
decomposition behavior. Each with characteristic weight losses in 
three distinct temperature regions attributed to waters of hydration 
(T <200 °C ), barium nitrate decomposition (200 °C < T <700 °C ), and 
barium carbonate decomposition (700 °c < T <950 °C ). This typical 
decomposition behavior is shown in figure 4. The studies were 
performed on a DuPont Instruments Analyst 2000 system operated at 
5 °C/min. from room temperature to 960 °C, and back down to 150 °C 
under 40cc/min. flowing oxygen. A typical set of TGA data is 
presented in figures 4, 5, and 6. The weight gain at 250 °C may be 
due to the oxidation of carbonate material, but requires further 
investigation. The weight losses centered about 660 °C and 890 °C 
were corrected for changes in oxidation of the 123 material using 
24 
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---~ -----------------
the. cooling curve as reference (figure 6). 
6. Particle Size Analysis 
A Coulter N4 particle analyzer was used to measure the 
particle size distribution of the powder which resulted from EDS 
processing. The device utilizes photon correlation spectroscopy 1151. 
This technique involves passing laser light through a uniform 
suspension of particles to be measured. The light scattered by the 
particles forms an interference pattern. This interference pattern 
changes as the particles undergo brownian motion in solution. The 
rate at which the interference pattern intensities fluctuate is 
related to particle size. Large, relatively slow moving particles 
cause slow intensity fluctuations, while small quickly moving 
particles cause rapid fluctuations. In this manner the diffusion 
coefficient can be determined, and the equivalent spherical 
hydrodynamic diameter can be calculated using the Stokes-Einstein 
equation 1161. 
Critical to this measurement is the maintenance of a 
28 
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uniformly dispersed, non-flocculating suspension of particles for 
the duration of the measurement. This is achieved by the appropriate 
selection of a dispersing fluid, and the possible addition of a 
surfactant. For this work N,N-Dimethylformamide (DMF) performed 
best from a list of typical laboratory solvents with a variety of 
acid-base characteristics. The addition of surfactants marginally 
improved the suspension lifetime, and therefore were not used. 
Instead, the analysis time was kept short, 60 seconds. This method 
was shown to be acceptable by monitoring particle size with respect 
to suspension lifetime. If the analysis time was too long, or the 
choice of solvent was inadequate, the measured particle size would 
increase with time. This was a measure of particle agglomeration, 
and flocculation. 
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Ill. RESULTS 
A. Functionality Of Apparatus 
1. Operating Procedures 
One of the goals for this process was to achieve reliable, 
unattended, and continuous operation. The furnace section was the 
most trouble free section of the apparatus. The process 
temperatures were set while atomizing deionized water into the 
furnace tube without the powder collection filter in place. This 
permitted the insertion of a thermocouple through the length of the 
furnace tube. The process temperature was monitored in situ while 
atomizing, and each furnace zone was set to the appropriate 
temperature. This calibration procedure accounted for the increased 
heat load near the atomizer, and provided greater temperature 
uniformity through out the furnace tube. 
The atomization and powder collection sections required more 
attention during operation. Once the collection filter was coated 
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with product, a back pressure would begin to develop. Six inches of 
water column was chosen to be the maximum allowable pressure 
before the manometer/pressure relief line would vent the aerosol 
into the exhaust system. Above this pressure the integrity of the 
seal between the furnace tube and the collection filter manifold was 
questionable. Failure of this seal would lead to the venting of 123 
powder to the laboratory atmosphere. This would be an unhealthful 
situation, and one to be avoided. Therefore, the filter had to be 
changed or cleaned on a regular basis to prevent a buildup of excess 
back-pressure. An acceptable time limit of approximately 12 hours 
was established. In this time a back-pressure of 3 inches of water 
column would develop. This 12 hour time period was also a 
convenient time interval to refill the solution reservoir. 
During exploratory runs with nitrate solutions, the atomizer 
required constant attention. After only a few hours of operation, the 
nozzle would become clogged. When clogged, the nozzles would 
redirect some of the oxygen flow backwards through the liquid 
supply. line and into the solution reservoir. This caused the 
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exaggerated evaporation of water, and solution enrichment which 
would ultimately lead to precipitation of barium nitrate. A major 
factor causing the clogging problem was the Joule-Thompson (171 
cooling which occurred during the oxygen expansion at the high 
pressure orifice of the atomization nozzles. The whole atomizer 
became cool to the touch. This temperature drop decreased the 
solubility of barium nitrate in solution, and resulted in the 
formation of barium nitrate crystals on the interior atomizer 
surfaces. To avoid this decrease in temperature and solubility, 
heating tape was wrapped around the atomizer and energized by a 
variable voltage transformer. When operated at 30 to 40 volts the 
heating tape compensated for the cooling effects of the expanding 
gas and permitted longer term operation of the atomizer without 
clogging. 
The nitrate solutions had a greater tendency to clog the 
atomizer even with the heating tape. After the system was 
continuously operated for a day or two the atomizer would 
inevitably clog. This was not generally the case for the mixed anion 
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solutions, and was apparently due to the increased barium nitrate 
solubility in the mixed anion solution. 
2. Yield 
The average calculated yield of the system was 40%. This 
calculation was based on the theoretical amount of 123 which is 
produced per unit weight of atomized precursor , solution. The 
primary yield losses were taken at the exit of the furnace section. 
A significant amount of product powder is driven to the relatively 
cool surfaces of the exposed furnace tube and filter manifold. This . 
deposition is caused by thermophoretic forces [181. This force 
originates from the non-uniform momentum transfer caused by 
) 
collisions between the powder particles and the gas molecules in a 
temperature gradient. At the outlet of the tube furnace, a 
temperature gradient exists within the tube. The gas molecules near 
the tube diameter are cooler and less energetic than those at the 
center of the tube. This results in a net force on the particle, down 
the temperature gradient, and leads to the accumulation of 123 
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powder on the cooler sections of the apparatus, down stream of the · 
furnace. 
A second, less significant loss of material occurs on the filter 
pad. After processing, the filter is gently scraped to remove the 
caked 123 powder. This removes most of the collected powder, but 
some always remains. This loss can be minimized by recycling the 
filters. The same filter pad can be reused for several days if care is 
taken during scraping not to damage it. 
One obvious way to decrease the above mentioned yield losses 
would be to avoid the cool section of the apparatus completely, and 
collect the powder product at or near processing temperatures. This 
would require the redesign of the powder collection section. The 
exposed section of the furnace tube, at the down stream end of the 
furnace, was provided so that thermoset plastics, RTV, and 
elastomers could be utilized to mount the stainless steel filter 
manifold to the furnace tube, and also to seal the filter pad inside 
the filter manifold. Without the use of these low temperature 
materials it would be difficult to mount the filter in such a way as 
34 
to maintain the back-pressure required to force the process gasses 
through the collection filter. 
B. Powder Morphology 
Very early in the development of this process a nebulizer was 
used to generate an aerosol for exploratory experiments. This 
system produced a completely uncharacterized aerosol output. 
Conventional SEM was used to observe, in a qualitative manner, the 
123 powder made by this system. The individual particles appeared 
spherical, with a wide particle size distribution in the 1 • micron 
range. After the installation of the TSI 3076 atomizer, the powder 
made with this system was also observed using conventional SEM; 
• 
surprisingly though, with similar results. The average particle size 
was slightly less, approximately 0.5 micron. This was not the 
expected result. Tt,e model considered for the decomposition 
morphology was the formation of a single solid 123 particle from 
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each individual aerosol droplet. With assumptions made with 
respect to solution and product densities, the calculated diameter of 
a 123 particle which would result from a single 0.3 micron droplet 
(3076 atomizer specification) was 0.05 micron (appendix 2). This 
was not observed, and there was also very little difference between 
the diameters of the powders made with either atomizer, even 
though the difference in aerosol dimensions was expected to be one 
to two orders of magnitude. Irrespective of the apparent 
contradiction, the system was producing an acceptable particle size 
distribution, and the work continued. The size distribution was 
measured quantitatively using optical techniques. The number mean 
equivalent spherical hydrodynamic diameter of the powder produced 
from the mixed anion precursor at 950 °c was measured to be 0.325 
micron. All other powders made from either precursor, processed at 
any temperature, possessed similar diameters within +/- 0.02 
• micron. 
It was not until the fortuitous arrival of a high resolution SEM 
on campus that this matter was further addressed. Micrographs of 
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the mixed anion derived powder are presented in figure 7. There is 
no observable difference between the mixed anion derived powder 
and the nitrate derived powder presented in figure 8. Both materials 
contain two distinct types of particles: individual, spherical, 
unagglomerated particles usually less than 0.1 micron in diameter; 
and spherical particles with a multi-granular appearance, the 
majority of which are 1 micron and larger. The average grain size of 
these apparently multi-granular particles was observed to be less 
than 0.1 micron. This is essentially equivalent to the diameter of a 
particle which would result from a 0.3 micron droplet as calculated 
in appendix 2. A possible mechanism for the formation of the 
relatively large particles is the simple agglomeration of the <0.1 
micron particles. But, upon closer inspection of the micrographs, 
some of the particles appeared to have holes in them (figures 7 A, 
78, and8A), or surface grains missing. An alternative mechanism for 
the formation of these particles is consistent with the spray drying 
technique, where powders often display a hollow sphere morphology 
l191. To determine if the relatively large particles in question were 
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Figure 7A. Low magnification SEM micrograph of 
powder processed at 950 C using the mixed anion 
precursor. 
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Figure 
powder 
7B, High 
processed 
precursor. 
magnification micrograph 
at 950 C using the mixed 
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of 
• anion 
Figure 8A. Low magnification SEM micrograph of 
powder processed at 950 C using the nitrate 
precursor. 
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Figure 8B, High magnification SEM micrograph of 
powder processed at 950 C using the nitrate 
precursor. 
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solid agglomerates, or hollow spheres the investigative . focus 
shifted from SEM to TEM techniques. Samples. were prepared as 
previously discussed, and. observed in the TEM. A low magnification 
micrograph of the sample prepared from the mixed anion derived 
powder is presented in figure 9. The overwhelmingly circular nature 
of the cross-sectioned sample suggested that the apparently 
multi-granular particles observed in the SEM were hollow. At higher 
magnifications (figure 10) it is clear that the hollow shell is 
composed of many grains with dimensions of 100 nm or less. 
Therefore, it appears that two mechanisms are operating 
during the decomposi.tion reaction, with the mechanism selection a 
function of the precursor droplet size. When the specified 0.3 
micron droplets enter the furnace they decompose to single solid 
particles less than 0.1 micron in diameter. Alternatively, when · 
significantly larger droplets enter the furnace they develop the 
hollow sphere morphology. This was observed to take place in two 
steps [201. First, water evaporates from the droplet surface and 
crystallites form until a spherical crust develops. This crust 
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1.0 µm 
Figure 9, Low magnification TEM bright field 
micrograph of powder processed at 950 C using 
the mixed anion precursor. 
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100 nm 
T 'igure 10. High magnification TEM bright field 
micrograph of powder processed at 950 C using 
the mixed anion precursor. 
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surrounds the remaining contents of the droplet. What occurs after 
the formation of the crust is dependent upon the nature of the solid 
shell. If the shell is porous, the increasing temperature causes an 
increased pressure inside the crust and forces the trapped liquid 
through the pores to the surface, where it will quickly evaporate. 
This results in a hollow, spherical particle with a multigranular 
surface. 
, 
The final size of the particle is expected to be 
approximately that of the initial droplet. 
It would not be unreasonable to assume that a small number 
fraction of droplets produced by the atomizer are greater than 1 
micron. This would account for the presence of large hollow 
particles, but the optical particle sizing technique employed 
provided a mean number average diameter of approximately 0.3 
• 
micron. This · figure is inconsistent with both decomposition 
mechanisms, and does not agree with measurements made using 
HRSEM. A small statistical sample of particles were measured on a 
SEM micrograph (>300 particles) which yielded a mean number 
average diameter of 0.1 micron. This discrepancy could be due to 
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incomplete dispersion of the particles during· the optical 
measurement. If the 0.1 micron particles were agglomerated to 
themselves, or to their larger counterparts, it would skew the 
measurement towards larger diameters. 
The measured BET surface area of 5.85 m2/g, when converted 
to an equivalent spherical diameter, yielded 0.16 micron. This 
observation agrees more closely with the SEM results, and is likely 
erred on the high side because of particle agglomeration. 
c. Phase purity 
Phase purity was assessed using two analytical techniques, x-ray 
powder diffraction (XRD) and thermogravimetric analysis (TGA). In 
the superconductor literature XRD is most commonly reported. 
Unfortunately, this data is often reported in such a way as to 
deemphasize the existence of extraneous phases, and is not 
sensitive to amorphous contaminants. When XRD is coupled with TGA 
the character and extent of contamination can be more 
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quantitatively determined. 
XRD indicated the formation of 123 at processing temperatures 
above 800 °c. Below this temperature the primary crystalline 
phases observed were barium nitrate, barium carbonate, and minor 
peaks indicated the presence of copper oxide. Yttrium containing 
compounds, other than 211 were never identified. Table 2. is a 
summary of the phases detected in each of the experimental runs. 
In all circumstances, when the process operated at 800 °C or 
above, 123 was observed as a major component, and nearly all 
samples contained barium nitrate and barium carbonate. 211 was 
only observed at 1000 °c, and is likely the result of incongruent 
melting of 123 above 950 °c [211. 
Figure 11 compares. the XRD patterns from materials produced 
from both precursors, processed at the same temperature. The 
as-processed materials are also compared to the same material 
after a 900 °c /15 min. heat treatment. For both precursors, the 
heat treatment eliminated the extraneous phases, and only those 
peaks which could be accounted for in the 123 reference pattern 
47 
.--~--~----
Precursor Process Temp. BaN03 BaC03 CuO 211 123 
Mixed 
Anion 
Nitrate 
(OC) 
300 
500 
700 
800 
900 
950 
1000 
300 
500 
700 
800 
900 
950 
X 
X 
X 
X 
0 
0 
X 
X 
X 
X 
X 
X 
X 
X 
0 
0 
0 
X 
X 
0 
0 
X 
X 
0 
X 
X 
X 
X 
X 
X 
X 
X 
Table 2. Summary of the phases detected by XRD after each 
experimental run: X indicates a major phase, 1/lmax> 1 Oo/o; 0 indicates 
a minor phase, l/1max<1 Oo/o; blanks indicate the phase was not 
observed. 
=+<v 
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Figure 11, X-ray powder diffraction patterns from: A, as-processed 
nitrate material: B~· nitrate material a~ter 900 C/15 min. calcination; 
C, as-processed mixed anion material~ D. mixed anion material after 
900 C/15 min, calcination, Al·l materials were processed at 950 C, 
., 
* represents barium carbonateJO represe_nts barium nitrate, and unmarked 
peaks and thosemarked 123 represent the superconductor, 
remained. 
Each sample was also examined by TGA. A summary of weight 
losses measured is presented in figures 12 and 13. The weight 
losses where divided into three categories. Losses which occurred 
at the lowest temperatures, room temperature to 200 °C, were 
attributed to hydrated or adsorbed water. The losses between 200 
°C and 700 °c, are primarily due to the decomposition of barium 
nitrate, which occurs most rapidly at 620 °C. The final weight loss 
region, between 700 °C and 950 °C, is attributed to barium carbonate 
decomposition, which occurs most rapidly at 890 °c in this system. 
Each of the samples were then cooled to below 150 °C while the 
weight gains due to the reoxidation of 123 were observed. This 
reoxidation curve was used to compensate for oxygen loss in the 123 
upon heating, and also to determine how much single phase 123 was 
present in the sample. 
A more useful way to view the data is in terms of the observed 
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Figure 12. Summary of weight losses attributed 
to the decomposition of barium carbonate and 
barium nitrate as measured by TGA analysis. 
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Figure 13. Summary of weight losses attributed 
to the decomposition of barium carbonate and 
barium nitrate as measured by TGA analysis. 
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weight losses affect on t~e stoichiometry of the sample. For 
.:.,,, 
example, if barium is found in the form of barium nitrate, the 
measured weight loss due to its decomposition is a quantitative 
measure of how much barium is not available for the formation of 
stoichiometric 123. If a similar calculation is performed for each 
decomposition reaction then the percentage of single phase 123 
produced by EDS processing can be determined. The results of these 
calculations are presented in figures 14 and 15, and a sample 
calculation is presented in appendix 3. The assumptions made in 
performing these calculations include the direct and complete 
conversion of barium nitrate and barium carbonate to barium oxide, 
and that reported weight losses are solely due to the decomposition 
of barium nitrate and barium carbonate. The relative error involved 
with this measurement is +/- 2o/o barium not available for 123. At 
processing temperatures below 700 °C the nitrate contribution may 
be over estimated because of the possibility that not only is there 
barium nitrate present, but yttrium nitrate as well. Yttrium nitrate 
was observed independently to decompose between 350 °C and 650 
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~C, and there is some evidence for its existence in the mixed anion 
TGA's at 500 °c and 700 °c. / 
, 
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IV. DISCUSSION 
To recapitulate, there were two primary goals at the onset of 
this program: to produce single phase 123 material with a minimum 
amount of carbon contamination; an.d to produce this material with a 
sub-micron particle size. The effort to produce the sub-micron 
particles was successful, as shown by the electron micrographs, but 
the desired phase purity was never achieved in the as-processed 
material. The two precursors favored different contaminants. The 
nitrate precursor produced 123 material with relatively more 
barium nitrate contamination than barium carbonate, and the 
opposite was true of the mixed anion precursor. The presence of the 
barium carbonate in the nitrate derived product suggests that the 
problem is recontamination of the product while it is resting on the 
filter pad. It is not clear whether either of these precursor 
solutions provided a superior product, or if the process could be 
modified to minimize contamination. 
From figures 12 and 13, the maximum conversion of precursor 
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to 123 occurred at 950 °C for both the mixed anion and nitrate 
solutions. This maximum conversion was less than 80°/o in both 
cases, and the resulting contamination (extraneous phases) were 
present in different relative proportions for each precursor solution. 
The nitrate precursor favored the formation of barium nitrate, while 
the mixed anion precursor produced relatively more barium 
carbonate than barium nitrate. Therefore, the question of which 
precursor solution performs best, becomes which contamination 
species has the least deleterious effects on post EDS processing: the 
barium carbonate which decomposes at 890 °C; or the barium nitrate 
which decomposes at 620 °c. 
One might postulate that since barium nitrate decomposes 
well below 123's typical sintering temperature of 950 °C, it could 
be eliminated by a low temperature calcination step prior to 
sintering. This may also be true for the case of barium carbonate, 
but its decomposition temperature lies much closer to sintering 
temperatures. The above calcination was carried out on nitrate 
derived powder which contains relatively more barium nitrate 
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contamination than barium carbonate. A sample was calcined in a 
flowing oxygen ambient by ramping a furnace to 900 °C, and shutting 
it off when it reached temperature. This heat treatment was 
sufficient to convert the contaminated, as-processed material to 
single phase 123 as confirmed by powder x-ray diffraction. When 
sintered, the as-processed material "blistered". This was 
presumably caused by the evolution of NOx and CO2 which resulted 
from the decomposition of barium nitrate and barium carbonate. 
After sintering, the . previously calcined material produced solid bars 
which approached 90% theoretical density in one hour at 950 °C. 
This sintering behavior is typical when compared to powders 
prepared by other processing techniques. It can therefore be 
concluded that any significant improvement in sintering behavior 
which might be gained through EDS processing, is negated by the 
presence of nitrate and carbonate second phases in the as-processed 
material. Also, the heat treatments required to eliminate both these 
contaminates produces material with average sintering 
characteristics. This result is not completely conclusive. There 
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was no effort · made to minimize the effects of calcination by 
reducing the temperature, thereby eliminating only the barium 
nitrate. At the conclusion of this work, there are no clear 
advantages to using either the nitrate, or mixed anion precursor 
solutions. 
Concerning process modification, refer to figures 14 and 15 
describing the nature and quantity of contaminates present in the 
as-processed materials. It is clear from these figures that a 
significant amount of the total contamination in both the nitrate and 
mixed anion derived powders is due to barium carbonate. In the case 
of the nitrate derived powder, figure 13, where has this carbon 
contamination originated? This particular precursor solution was 
chosen because it provided a potentially non-carbonaceous 
processing route to the 123 material, and yet at the processing 
temperature which provided the minimum total contamination, ten 
mole percent of the total barium was in the form of barium 
carbonate. Carbon is ubiquitous in our environment, but precautions 
were taken to minimize exposure. The liquid oxygen used to atomize 
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the precursor solutions contained only a few molar 
parts-per-million carbon, and the water used in formulating the 
solutions was deionized. It is unlikely that the above mentioned 
sources of carbon·· contamination could account for all the carbon 
present in the as-processed material. Another possibility is that 
during the many hours which the 123 powder might sit on the 
separation filter, exposed to the hot, moist, and acidic environment, 
it could react with the available carbon both inside and outside the 
apparatus. The powder may have been exposed to atmospheric carbon 
during processing through convection assisted back-diffusion of air 
into the reaction chamber. Whatever the source, it is clear that 
carbon is available for reaction to barium carbonate before the . 123 
powder is removed from the separation filter. 
Reconsider figure 14, at 500 °c ninety mole percent of the 
total barium content is in the form of barium carbonate. At 
increasing temperatures, the presence of barium nitrate becomes 
more substantial. It is present in materials made from both the 
mixed anion and nitrate precursors which were processed at 
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temperatures up to 950 °C. Considering that barium nitrate 
decomposes at approximately 620 °C, if a powder is contaminated it 
may have: 1, never reached the processing temperature, or been held 
at that temperature long enough; 2, reacted with the process 
environment to convert 123 to barium nitrate. At temperatures 
greater than 800 °c the overall conversion of precursor to 123 was 
greater than 50o/o. This suggests that if the nitrate remaining in the 
material was unreacted precursor, that in each individual droplet 
only 50°10 of the total mass reached the decomposition temperature, 
or that 50°10 of the particles processed did not reach the 
decomposition temperature. Neither of the above situations are 
likely to have occurred. Therefore, it is reasonable to postulate that 
the nitrate which appears in the final product is formed by a 
reaction between the process environment and the 123 material. 
Assuming the above postulation correct, coupled with the 
presence of carbon in the 123 prepared from the non-carbonaceous 
nitrate precursor, it appears that the product purity would be 
improved if the powder product could be collected and removed from 
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the process environment, and placed directly into an inert storage 
environment. This can not be achieved with the current powder 
collection arrangement. 
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V. CONCLUSIONS 
1) The apparatus constructed is capable of continuous, unattended 
operation for periods of approximately 12 hours at current solution 
concentration levels. 
2) A major portion of the yield losses are caused by the cooling 
section of the tube furnace. These yield losses were not anticipated 
during the design phase of the project. The experience gained 
through the course of this work has led the investigator to believe 
that electrostatic collection technology might have been a better 
choice for the removal of the powder product from the gas stream. 
An electrostatic precipitator could have been constructed from high 
temperature materials such as ceramics and refractory metals 
which could withstand processing temperatures, and avoid 
thermophoretic losses. Also, electrostatic precipitators do not 
require a positive pressure inside the reaction chamber. This 
eliminates · the need for low temperature gasket materials and 
sealants for which the cooling section was designed to 
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accommodate. 
3) The 123 powders manufactured by this process, irrespective of 
precursor solution or operating temperature, display similar 
morphologies. There appear to be twp mechanisms operating as a 
function of initial droplet size. The large majority of 123 particles 
are <0.1 micron in diameter, and therefore could result from the 
decomposition of a single 0.3 micron droplet to a single solid 
particle. On a number basis, a small portion of the droplets produced 
by the atomizer are >1.0 micron. These droplets form hollow, 
spherical particles > 1.0 micron in diameter with polycrystalline 
surfaces. 
4) 950 °C is the optimum processing temperature for both precursor 
solutions. This temperature yields the least amount of unconverted 
or recontaminated material. 
5) Neither precursor solution has demonstrated any clear 
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superiority in processing ease, or quality of product. The mixed 
anion precursor is slightly easier to process because of its higher 
solubility for barium nitrate, but its exothermic decomposition did 
not appear to provide effectively longer furnace residence times or 
alter significantly the powder morphology. The theoretically 
non-carbonaceous nitrate route did not provide· a product with 
substantially less carbon content than its carbon intensive 
counterpart. This situation may change if alternate powder 
collection and storage techniques could be implemented. 
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Appendix 1 
Consideration of the common ion effect on the maximum concentration of 
barium nitrate in a 1 :2:3, Y:Ba:Cu mixed nitrate solution. 
·"·~ .... -.,, 
In solution: 
Ba(N03)2 ---> Ba++ + 2N03 -
This reversible reaction can be described in the following manner using a 
mass-action expression: 
[Ba] [N03]2 =K 
[Ba(N03)2] 
For a concentrated barium nitrate solution: 
[Ba] [NO:J2 = Ksp 
Where Ksp is the solubility constant. If X is defined as the barium 
concentration at saturation: 
(X)(2X)2 = Ksp = 4X3 
In an unsaturated solution the barium concentration can be represented as 
some fraction of the saturation concentration: 
[Ba]= X/n where n > 1 
On this basis consider a stoichiometric mixture of the Y, Ba, and Cu 
nitrates in solution: 
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• . • r ' 
M =X12n 
[Ba]= 2X/2n 
[Cu]= 3X/2n 
[NOa] = 3X/2n 
[N03] = 4X/2n 
[NO~= 6X/2n 
In a stoichiometric solution the Y, and Cu also contribute to the total 
concentration of N03 ( [N03 ] ). Therefore, even at barium nitrate 
concentrations below the solubility limit, the N03 contributions from the 
other cations will force the barium to precipitate from solution. 
At what barium concentration will all the components remain in 
solution? 
[Ba] [N03]2 = 4X3 
(X/n) (3X/2n + 4X/2n + 6X/2n)2 = 4X3 
X cancels from both sides, and we can solve for n 
n = 2.2 
The tabulated solubility of barium nitrate = 0.33 mole/I 
The maximum barium concentration in a 123 mixed 
nitrate solution becomes; 
0.33/2.2 = 0.15 mole/I 
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Appendix 2 
Calculation of the expected particle diameter which would result 
J 
... 
. .. 
from the decomposition of a single 0.3 micron droplet in to a single solid 
123 particle. 
Assumptions: 
Droplet diameter - 0.3 micron 
Solution concentration - 0.05 mole/I 
Density of 123 - 6.36 glee or 6.36x10-12 g/micron3 
Molecular Weight 123 - 660 g/mole 
Density of solution - 1 glee 
Volume of droplet 
V = 4/3 x r3 
V = 4/3 x (0.15)3 = 1.4 x10-2 micron3/droplet 
V = 1 .4 x10-17 I/droplet 
(1.4 x1 o-17)(0.05) = 7.1 x10-19 mole/particle 
(7 .1 x1 o-19 )(660) = 4. 7 x1 o-16 g/particle 
(4.7 x10-16 )/( 6.36x10·12) = 7.4 x10-s micron3/particle 
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r = {[(7.4 x1 o·5)(3/4)]/x}1rJ 
r = 0.026 micron 
Particle diameter - 0.05 micron 
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Appendix 3 
Purpose: To calculate how much barium is unavailable to form 123 
due to the presence of barium nitrate and barium carbonate, 
using the weight loss data collected by TGA. 
Data: This sample calculation is performed for glycinate derived 
powder made at 950 °C (the corresponding TGA curves are 
presented in figures 4, 5, and 6. 
sample weight - 89.5270 mg 
residue - 94.38o/o 
net loss due to barium nitrate - 3.119°/o 
net loss due to barium carbonate - 1.471o/o 
Calculation: Assume the residual material is pure Y 1Ba 2 Cu 3 0 7 , 
molecular weight = 666 g/mole .. 
2(Ba) : 1 (123) ---> 27 4.66 g Ba/mole 123 
274.66 / 666 = 0.412 
75 
') 
123 is 41.2 weight percent barium 
(sample weight) x (weight°/o residue) = weight of pure 123 
89.527 mg X 94.38°/o = 84.50 mg 123 
(Weight of pure 123) x (weight percent barium) = weight of total barium 
84.50 mg X 41.2°/o = 34.81 mg 
there is a total of 34.81 mg of barium in the TGA sample 
Assume the weight loss due to barium nitrate results from the direct 
conversion to barium oxide. 
Ba(N03)2 ---> Bao + 2NOX 
Ba(N03)2 MW = 261.34 g/mole, BaO MW = 153.33 g/mole 
on reaction there is a net weight loss of 108 g/mole Ba 
(TGA net loss) x (sample weight) = weight loss from nitrate 
3.119°/o x 89.527 mg = 2. 792 mg 
2.792 (mg)/ 108 (g/mole Ba) = 2.59x1 o-5 moles Ba 
(2.59x10-5 moles Ba) x (137.33 g/mole Ba) = 3.55 mg Ba 
Therefore, 3.55 mg of the total amount of barium in the sample was in the 
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form of barium nitrate 
similarly, assume the weight loss due to barium carbonate results from 
the direct conversion of barium carbonate to barium oxide. 
BaC03 ---> BaO 
BaC03 MW= 197.33 g/mole, BaO MW= 153.33 g/mole 
on reaction there is a net weight loss of 44 g/mole Ba 
(TGA net loss) x (sample weight) = weight loss from carbonate 
1.471°/o X 89.527 mg= 1.317 mg 
. ' 
1.317 (mg) I 44 (g/mole Ba) = 3.0x1 o-5 mole Ba 
(3.0x10-5 mole Ba) x (137.33 g/mole) = 4.11 mg Ba 
What percentage of the total barium in the sample is unavailable for 123? 
unavailable Ba/ total Ba= [Ba as nitrate+ Ba as carbonate]/ total Ba 
[3.55 mg (nitrate) + 4.11 mg. (carbonate)] I 34.81 mg (total) = 0.22 
22o/o of the total barium in the sample is unavailable to form 123, 
because it is bound as nitrate and carbonate. 
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